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[1] Ocean acidiﬁcation is the global decline in seawater pH and calcium carbonate (CaCO3)
saturation state () due to the uptake of anthropogenic CO2 by the world’s oceans.
Acidiﬁcation impairs CaCO3 shell and skeleton construction by marine organisms. Coral
reefs are particularly vulnerable, as they are constructed by the CaCO3 skeletons of corals
and other calciﬁers. We understand relatively little about how coral reefs will respond to
ocean acidiﬁcation in combination with other disturbances, such as tropical cyclones.
Seawater carbonate chemistry data collected from two reefs in the Florida Keys before,
during, and after Tropical Storm Isaac provide the most thorough data to-date on how
tropical cyclones affect the seawater CO2 system of coral reefs. Tropical Storm Isaac
caused both an immediate and prolonged decline in seawater pH. Aragonite saturation state
was depressed by 1.0 for a full week after the storm impact. Based on current ‘‘business-asusual’’ CO2 emissions scenarios, we show that tropical cyclones with high rainfall and
runoff can cause periods of undersaturation ( < 1.0) for high-Mg calcite and aragonite
mineral phases at acidiﬁcation levels before the end of this century. Week-long periods of
undersaturation occur for 18 mol % high-Mg calcite after storms by the end of the century.
In a high-CO2 world, CaCO3 undersaturation of coral reef seawater will occur as a result of
even modest tropical cyclones. The expected increase in the strength, frequency, and
rainfall of the most severe tropical cyclones with climate change in combination with ocean
acidiﬁcation will negatively impact the structural persistence of coral reefs.
Citation: Manzello, D., I. Enochs, S. Musielewicz, R. Carlton, and D. Gledhill (2013), Tropical cyclones cause CaCO3
undersaturation of coral reef seawater in a high-CO2 world, J. Geophys. Res. Oceans, 118, 5312–5321, doi:10.1002/jgrc.20378.

1.

Introduction

[2] Anthropogenic climate change is a leading threat to
the future persistence of coral reefs [Hoegh-Guldberg
et al., 2007]. The consequences of warming to reefbuilding corals, the building blocks of coral reefs, are
particularly dire [Frieler et al., 2013]. The effects of ocean
acidiﬁcation have more recently begun to be investigated
[Kleypas et al., 1999]. Lab and ﬁeld-based studies have
shown that acidiﬁcation causes declines in coral calciﬁcation and increases biologically mediated reef dissolution
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[Langdon et al., 2000; Yates and Halley, 2006; Silverman
et al., 2009; Tribollet et al., 2009]. Given that coral reef
calcium carbonate (CaCO3) production only slightly outpaces its physical, biological, and chemical breakdown, ocean
acidiﬁcation may work to accelerate the erosion of coral
reef framework structures [Hoegh-Guldberg et al., 2007;
Manzello et al., 2008]. Indeed, coral communities are less
diverse and reef framework structures more susceptible to
mechanical and biological erosion where ambient CO2 levels are naturally elevated to levels expected with a doubling
and tripling of atmospheric CO2 [Manzello, 2009; Fabricius et al., 2011].
[3] Despite these dire predictions, we still understand
relatively little about how coral reefs will respond to ocean
acidiﬁcation in combination with other disturbances, such
as tropical cyclones. Tropical cyclones can cause mass
mortality of corals and other reef associated organisms, as
well as severe physical erosion to coral reef framework
structures [e.g., Goreau, 1964; Scofﬁn, 1993]. Although it
is not yet known if overall tropical cyclone frequency will
change with climate change, the best existing models do
indicate an increase in the frequency of the most intense
storms and precipitation by 20% within 100 km of a
storm’s center [Knutson, et al., 2010; Villarini and Vecchi,
2012]. In situ environmental data during tropical cyclones
are rare because instrumentation is often destroyed or lost
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Figure 1. Location of study sites on Florida reef tract. Coral reef sites are dark circles, whereas open
circle is location of SEAKEYS/C-MAN station. GPS coordinates are: Cheeca Rocks (24.8977N,
80.6182W), Little Conch Reef (24.9465N, 80.50207W), and Molasses Reef SEAKEYS/C-MAN
(25.012N, 80.376W).
during storms. Only one prior study has documented the
impact of a tropical cyclone on reef seawater carbonate
chemistry. Intriguingly, these researchers measured their
lowest pH and  value over 2 years of high-resolution
monitoring as a result of a tropical storm [Gray et al.,
2012]. In late August 2012, Tropical Storm (TS) Isaac
passed approximately 142 km to the south of Cheeca Rocks
in the Florida Keys (one of our study sites) at its closest
point, providing the most thorough data to-date on how
tropical cyclones impact seawater carbonate chemistry.
Carbonate chemistry and environmental data collected at
two reef sites on the Florida Reef Tract (FRT) before, during, and after the impact of TS Isaac in August and September 2012 are presented. Based on the response to TS Isaac,
we model how tropical cyclones will impact reef seawater
CO2 when combined with seawater freshening from runoff,
ocean acidiﬁcation, and warming.

2.

Methods

2.1. Carbonate Chemistry and Environmental Data
[4] Carbonate chemistry data were collected via a
MApCO2 (moored autonomous pCO2) buoy and SeaFET
pH sensor at Cheeca Rocks (depth ¼ 5 m) on the FRT (Figure 1). An additional SeaFET pH sensor was deployed at
Little Conch Reef (depth ¼ 6 m) (Figure 1). Details on the
MApCO2 and SeaFET pH have been published [Hofmann
et al., 2011; Vandemark et al., 2011]. In brief, the mole

fraction of CO2 (xCO2) was measured with a nondispersive
infrared gas analyzer on the MApCO2 and the SeaFET pH
data were on the total scale. The partial pressure of seawater CO2 (pCO2,sw) was calculated from the xCO2,sw
buoy data with in situ sea temperature at 1 atmosphere.
With pH and pCO2,sw, we calculated the remaining carbonate parameters with the CO2SYS computer program [Lewis
and Wallace, 1998] as previously described [e.g., Manzello,
2010]. Wind data were obtained from the Molasses Reef CMAN station (available online: http://ecoforecast.coral.noaa.gov) and light intensity (photosynthetically active
radiation, PAR) was measured at both sites using a LI192SA LI-COR underwater quantum sensor at the same
depths as the SeaFET pH sensors. The 5 days before the
storm (16–21 August) were used as the prestorm baseline,
whereas the poststorm period was 28 August to 4 September. Buoy data were not collected 23–28 August due to procedures to pre-empt possible storm damage, thus only pH
data are available during the storm.
[5] Salinity data were not reported because the conductivity-temperature sensor on the MApCO2 data malfunctioned and was not working during the storm. Salinity data
were collected on 22 August and the mean 6 std error was
36.34 6 0.037 for seven samples. A salinity value of 36.34
was used for all prestorm data (up to 23 August). Salinity
data then were not collected until 4 September, beginning
at 11:40 local time every minute. All the data (n ¼ 740)
had a mean salinity of 36.10. For the 7 days of data
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Figure 2. Different aspects of change to carbonate system due to Tropical Storm Isaac. Data smoothed
for clarity.

poststorm, we used a constant salinity of 36 psu for all calculations of carbonate saturation state after the storm. In
situ temperature was collected on the SeaFET pH sensors
and inputted into the CO2-system calculations.
[6] With this in mind, we examined how declines in salinity of 2 and 4 psu would affect our poststorm calculation
of arag. If salinity was 34 and 32 psu, rather than the inputted 36, mean arag (Min – Max) would have been 2.38
(1.85 – 3.03) and 2.28 (1.77 – 2.9), respectively. As a result,
we consider the results we present for arag to be conservative estimates of post-Isaac saturation state because if salinity was lower than 36 (as it likely was), the change in arag
would have been greater than what we report.
2.2. Change in Carbonate Chemistry From Storm
Impacts
[7] We present ﬁve metrics to best represent changes in
carbonate chemistry as caused by the storm. First, we determined the average change of conditions due to the storm,
calculated by subtracting the poststorm mean from the
prestorm mean (equation (1), Figure 2). The second change
of relevance is the most extreme value experienced after
the storm (minimum for pH, maximum for pCO2,sw) minus
the prestorm mean (equation (2), Figure 2). This is the
maximum deviation from the prestorm average. Third, is
the change in minimum pH, and maximum pCO2,sw values
experienced before and after the storm (equation (3), Figure
2). Fourth is the difference between the post and prestorm
peaks in pH and minimums in pCO2,sw (equation (4), Figure 2). Lastly is the greatest amplitude of change, which for
pH is the difference between the poststorm minimum value
and prestorm maximum (equation (5), Figure 2). For
pCO2,sw, this is the poststorm maximum minus the
prestorm minimum.  values followed the same trends as
pH. We consider the average (equation (1)) and maximum
deviations (equation (2)) from the prestorm mean
conditions as the most relevant metrics of change due to

storm passage. The changes in the minimum and maximum
values are informative because they illustrate how diel amplitude is altered by the storm. For D, the depression of
minimum and maximum  (equations (3) and (4)) was
roughly equal to the overall mean decline (equation (1),
Table 1).
2.3. Modeling Storm Impacts With Ocean
Acidification and Warming
[8] To model how ocean acidiﬁcation will affect the
response of coral reef seawater to tropical cyclones, we
used the mean conditions previously reported during
autumn from nearshore in the middle Florida Keys [Manzello et al., 2012]. These data were obtained via bottle samples and dissolved inorganic carbon (DIC) and total
alkalinity (TA) were measured directly, yielding mean values of TA ¼ 2388.0 meq kg1, DIC ¼ 2078.8 mmol kg1,
pCO2,sw ¼ 404 matm, arag ¼ 3.47, S ¼ 35.928 practical salinity units (psu), and T ¼ 23.77 C. This pCO2,sw and TA
were used as the prestorm mean conditions because this is
where Cheeca Rocks is located, conditions were similar to
prestorm mean conditions at Cheeca Rocks prior to TS
Isaac (prestorm mean pCO2,sw ¼ 382 matm, arag ¼ 3.48),
and most importantly, the TA calculated from the paired
pH and pCO2,sw values are unreliable [Gray et al., 2011].
Indeed, the mean TA values calculated for the poststorm
mean paired pH and pCO2,sw were very low at 2008.5 meq
kg1. The change in arag reported is reasonable because
these same authors showed that paired pH and pCO2,sw values accurately predict arag. Use of these autumn values
are valid because the arag values for the prestorm conditions used here are nearly identical to the autumn values in
Puerto Rico [Gray et al., 2012], thus the model output is
applicable to the wider Caribbean. We applied the mean
and max post-Isaac changes in pCO2,sw (þ196 and þ 320
matm, respectively) to the mean autumn conditions to estimate the response of a tropical storm. By assuming
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Table 1. Magnitude of Change in CO2 Parameters Due to TS Isaaca
Cheeca Rocks
Poststorm Mean  prestorm Mean
Poststorm Min  prestorm Mean
Poststorm Max  prestorm Mean
Poststorm Mean  prestorm Min
Poststorm Min  prestorm Min
Poststorm Max  prestorm Min
Poststorm Mean  prestorm Max
Poststorm Max  prestorm Max
Poststorm Min  prestorm Max
Little Conch
Poststorm Mean  prestorm Mean
Poststorm Min  prestorm Mean
Poststorm Max  prestorm Mean
Poststorm Mean  prestorm Min
Poststorm Min  prestorm Min
Poststorm Max  prestorm Min
Poststorm Mean  prestorm Max
Poststorm Max  Prestorm Max
Poststorm Min  Prestorm Max

DpHT

Darag

DMg-calcite (15 mol %)

DMg-calcite (18 mol %)

DpCO2 (matm)

Equation

20.151
20.243
0.057
0.113
20.205
0.019
0.184
20.090
20.276

21.00
21.55
0.34
0.44
20.99
þ0.22
1.70
21.04
22.25

20.99
21.53
0.33
0.44
20.98
þ0.22
1.70
21.04
22.24

20.93
21.45
0.31
0.41
20.93
þ0.21
1.59
20.97
22.11

1196
1320 (Max – Mean)
þ62 (Min – Mean)
þ146 (Mean – Max)
1270 (Max – Max)
þ12 (Min – Max)
þ230 (Mean – Min)
196 (Min – Min)
1354 (Max – Min)

1
2

20.177
20.248
0.083
0.132
20.203
0.038
0.250
20.156
20.321

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

3

4
5
1
2

3

4
5

a

Max values in pH and arag correspond to minimum values in pCO2 as indicated by parenthesis after DpCO2 values. Equations in Figure 2.

constant TA and altering only pCO2,sw, we calculated how
arag would change with ocean acidiﬁcation and with þ2
and þ4 C of warming. An atmospheric pCO2,atm of 390
ppm was used for present-day conditions and values were
modeled at increments of 100 matm assuming þ100 ppm
pCO2,atm equals approximately þ100 matm pCO2,sw.

2.5. Calculation of High-Mg Calcite Saturation State
[10] High-Mg calcite mineral phases can be abundant on
coral reefs and more soluble than aragonite. In general, a
higher mol % of magnesium leads to increased solubility,
although there are notable exceptions to this trend [Kline
et al., 2012; Nash et al., 2013]. Stoichiometric solubility

2.4. Effects of Storm Water Runoff on Carbonate
Chemistry
[9] The impact of freshening from storm water runoff is
poorly understood. To examine the changes in carbonate
chemistry due to storm water runoff on the FRT, new and
previously published data collected from September 2009
to October 2012 were analyzed (n ¼ 64 bottle samples analyzed for DIC and TA, see Manzello et al. [2012] for methods on collection/analysis). Only samples collected in the
upper and middle Florida Keys when sea temperatures
>25 C were used, as these are most pertinent to when tropical storms are a factor for this region. To understand the
impacts of storm runoff on DIC and TA, we examined samples with salinity 36 collected after known periods of
high rainfall. DIC and TA were ﬁrst salinity normalized
(nDIC ¼ DIC  35/S) and then regressed against salinity. A
signiﬁcant regression was found for both nDIC (R2 ¼ 0.84,
nDIC ¼ 65.381 S þ 4311.5) and nTA (R2 ¼ 0.72,
nTA ¼ 48.269 S þ 4043.2) (Figure 3). The relationship of
nDIC and nTA with salinity (i.e., slope) was then applied
to the post-Isaac values of nDIC and nTA (calculated from
TA and pCO2,sw) to estimate how they would change from
a coincident depression in salinity of 2 and 4 due to
runoff. These salinity declines are well within the range for
what occurs from a tropical cyclone [Goreau, 1964;
Nadaoka et al., 2001; Gray et al., 2012]. With these values
of nDIC and nTA, we calculated pCO2,sw and  values that
would have been observed if a storm-induced salinity drop
from runoff of 2 and 4 also occurred. Different ocean
acidiﬁcation scenarios were modeled based on pCO2 and
nTA, assuming constant nTA.

Figure 3. Regression of (a) nDIC and (b) nTA with
salinity. Regression equations shown on plot.
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Table 2. Values of pH, pCO2, arag, Mg-calcite
Rocks and Little Conch Reef

(15 mol %),

and Mg-calcite

Before and After Tropical Storm Isaac at Cheeca

pHT

pCO2 (matm)

arag

Mg-calcite (15 mol %)

Mg-calcite (18 mol %)

Mean (Min – Max)

Mean (Min – Max)

Mean (Min – Max)

Mean (Min – Max)

Mean (Min – Max)

382 (348 – 432)
N/A

3.48 (2.92  4.18)
N/A

3.44 (2.89 – 4.15)
N/A

3.24 (2.72 – 3.90)
N/A

2.48 (1.93 – 3.14)
N/A

2.45 (1.91 – 3.11)
N/A

2.31 (1.79 – 2.93)
N/A

Before the Storm
Cheeca Rocks
Little Conch

8.005 (7.967  8.038)
8.024 (7.979  8.097)

After the Storm
Cheeca Rocks
Little Conch

7.854 (7.762  7.948)
7.847 (7.776  7.941)

578 (444  702)
N/A

products (K0 sp) have not been determined for Mg-calcite
minerals [Andersson et al., 2008]. As a result, the saturation state for mg-calcite mineral phases has to be estimated
based on ion activities. We used the relationship for Ion
Activity Product (IAP) based on mole fraction of the ‘‘bestﬁt’’ biogenic high-Mg calcite for cleaned/annealed materials presented in Morse et al. [2006] to calculate Mg-calcite
at 15 and 18 mol %, which are conservative estimates of
solubility. The initial estimates based on untreated materials by Plummer and Mackenzie [1974] produced solubilities for Mg-calcites that were ﬁve times greater than that
of aragonite. In fact, if we use the solubilities of Plummer
and Mackenzie [1974], both 15 and 18 mol % mg-calcite
were already undersaturated (Mg-calcite < 1.0) at the prestorm conditions where mean arag ¼ 3.48 (Table 2).

3.

(18 mol %)

Cheeca Rocks, the partial pressure of CO2 in seawater
(pCO2,sw) reached its maximum poststorm value of 702
matm (Table 2). The maximum poststorm pCO2,sw value
was 320 matm greater, while the mean poststorm pCO2,sw
value was 196 matm greater than prestorm average conditions (Table 1). The std. error (SEM) in mean post-Isaac
pH and pCO2 at Cheeca Rocks was nearly double the prestorm values, with SEM values for pH increasing to 0.0021
from 0.0011 and pCO2 from 3.1 to 7.5. The variance in pH
at Little Conch increased as well after the storm, but less so
from 0.0016 to 0.0018. The mean (6 std. error) change in

Results and Discussion

3.1. Response of Coral Reef Seawater CO2 to Tropical
Storm Isaac
[11] Tropical Storm Isaac caused both an immediate and
prolonged decline in seawater pH on the two coral reefs
studied herein (Figure 4). The lowest pH values during the
storm occurred in the early evening on 25 August for Little
Conch Reef (pHT ¼ 7.815), and on 26 August for Cheeca
Rocks (pHT ¼ 7.780) (Figure 4). This represented a decline
in pH (relative to prestorm mean) of 0.225 and 0.209 at
Cheeca Rocks and Little Conch Reef, respectively (Table
2). Maximum hourly averaged wind speeds and gusts at
nearby Molasses Reef were 19.9 and 25.9 m s1, respectively (Figure 4c). The minimum sea temperatures were
3.49 and 3.19 C lower than the prestorm mean value at
Cheeca Rocks and Little Conch Reef, respectively, coincident with the passage of Isaac (Figure 4 and Table 3).
There was no measureable photosynthetically active radiation (PAR) at both reef sites for 2 days during the storm (26
and 27 August) and values were very low on 24 and 25 August (Figure 4b).
[12] Following the passage of TS Isaac, winds declined,
while temperatures and PAR increased at both sites. However, pH values, after initially increasing following the
direct storm-induced minimum, declined at both sites and
reached a second minimum value lower than that observed
during the storm. This second minimum pH value occurred
exactly 1 week later than the ﬁrst at both sites with pH values of 7.762 and 7.776 at Cheeca Rocks and Little Conch,
respectively (DpH ¼ 0.243 and 0.248 from prestorm
mean, Table 1). When minimum pH values were reached at

Figure 4. Oceanographic and meteorological conditions
during passage of Tropical Storm Isaac. (a) Seawater temperature in  C. (b) Hourly average Photosynthetically
Active Radiation (PAR). (c) Wind speeds and gusts at Molasses Reef. (d) pH and pCO2 (Cheeca Rocks only).
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Table 3. Seawater Temperature ( C) Before, During, and After Tropical Storm Isaaca
Before the Storm

During the Storm

After the Storm

Site

Mean

Min – Max

Min

DMax  Min

DMean  Min

DMin  Min

Mean

Min – Max

Cheeca Rocks
Little Conch

31.37
30.77

30.73 – 32.27
30.14 – 31.56

27.88
27.58

4.39
3.89

3.49
3.19

2.85
2.56

29.89
29.55

28.58 – 30.81
28.58 – 30.34

a

DMax  Min, DMean  Min, and DMin  Min denote the difference between prestorm value (Max, Mean, and Min) and the Min value during the storm.

aragonite saturation state (arag) was 1.0 (60.039), for a
full week after the storm impact, with a minimum poststorm arag value of 1.93, which was 1.55 less than the
prestorm mean (Tables 1 and 2).
3.2. Response of Coral Reef Seawater CO2 to Storms
and Seawater Freshening in a High-CO2 World
[13] Figure 5 shows the mean (a, c) and extreme (b, d)
response of aragonite (arag) and high-Mg calcite saturation
(Mg-calcite (18 mol %)) to tropical storm impacts with coincident freshening from runoff and warming as a function of
pCO2,atm. The mean response represents the 7 day mean
response that occurred after TS Isaac, thus these conditions
are the mean conditions expected for a full week in duration after at storm. The response of Mg-calcite (15 mol %) is
not shown because values are similar to arag (see Tables 4

and 5). Figure 6 shows the response of pCO2,sw. If salinity
declines by 2 and 4 from storm water runoff, the decline in 
increases by 0.27 and 0.47 for aragonite and 0.25 and 0.43 for
18 mol % mg-calcite, respectively. For conditions expected
by the end of this century (pCO2,atm ¼ 935 ppm), mean arag,
Mg-calcite (15 mol %), and Mg-calcite (18 mol %) ¼ 1.53, 1.51, and
1.42 from storm impacts without any runoff (Table 4 and
Figure 5). With a runoff-induced salinity change of 2, arag,
Mg-calcite (15 mol %), and Mg-calcite (18 mol %) ¼ 1.26, 1.25,
and 1.17. For a change in salinity of 4, the mean value
for 18 mol % is undersaturated ( < 1.0), while arag and
Mg-calcite (15 mol %) are slightly above thermodynamic equilibrium (Table 4). Minimum  values are all undersaturated
by the end of the century when salinity is reduced by 4
psu due to runoff from storm impacts (Table 4). The
magnitude of these changes decreases only slightly with þ2

Figure 5. (a and b) Mean and Minimum arag and (c and d) Mg-calcite (18 mol %) due to tropical storm
impacts at salinity reductions due to freshening from runoff of 0, 2, and 4 with þ0, þ2, and þ4 C of
warming as a function of atmospheric pCO2 (ppm). Nondashed black line is prestorm mean conditions.
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Table 4. Aragonite (arag) and High-Mg Calcite (Mg-Calcite) Saturation State at Atmospheric pCO2 of 935 ppm for Change in Salinity (DS) Due to Storm Water Runoff of 0, 2, and 4 and
Warming of þ0, þ2, and þ4 C
Mean arag
DS
0
2
4
DS
0
2
4
DS
0
2
4





Min arag


þ0 C
þ2 C
þ4 C
1.53
1.56
1.59
1.26
1.29
1.32
1.06
1.09
1.11
Mean Mg-Calcite (15 mol %)
þ0 C
þ2 C
þ4 C
1.51
1.54
1.57
1.25
1.28
1.31
1.05
1.08
1.10
Mean Mg-Calcite (18 mol %)
þ0 C
þ2 C
þ4 C
1.42
1.45
1.48
1.17
1.20
1.23
0.99
1.01
1.03



þ0 C
þ2 C
þ4 C
1.41
1.43
1.46
1.16
1.18
1.21
0.97
0.99
1.02
Min Mg-Calcite (15 mol %)
þ0 C
þ2 C
þ4 C
1.40
1.41
1.45
1.15
1.17
1.20
0.96
0.98
1.01
Min Mg-Calcite (18 mol %)
þ0 C
þ2 C
þ4 C
1.31
1.33
1.36
1.08
1.10
1.13
0.90
0.92
0.95

and þ4 C of warming. Near the end of this century,
week-long periods of high-Mg calcite (18 mol %)
undersaturation can occur as a result of tropical cyclones
with high rainfall.
[14] Periods of aragonite undersaturation will begin to
occur at atmospheric pCO2,atm levels of 902, 1172, and
1574 ppm when salinities are depressed by 4, 2, and 0
from runoff (Table 5). The projected occurrences of under-

saturation of 15 mol % mg-calcite are similar to aragonite,
but occur at slightly lower levels of atmospheric pCO2,atm
(Table 5). Periods of undersaturation with respect to 18
mol % mg-calcite begin to occur at pCO2,atm of 805, 1052,
and 1335 ppm for poststorm salinity depressions of 4,
2, and 0 from runoff. Values of pCO2,atm of 805–902 ppm
are expected to occur before the end of this century based
on the ‘‘business-as-usual’’ scenario (RCP 8.5 projections)
[Riahi et al., 2007]. Warming of þ2 and þ4 C only
increases the pCO2,atm required to elicit  < 1.0 by 27–34
and 63–71 ppm, respectively.
[15] Freshening of seawater alters the carbonate chemistry differently depending on the concentration of DIC and
TA of the freshwater input. Riverine inputs are often acidic,
but if the catchment is limestone rich, or inﬂuenced by agricultural liming, this acidity can be buffered [Kawahata
et al., 2000; Salisbury et al., 2008; Tyrrell et al., 2008].
Groundwater freshening lowers pH and arag, while elevating pCO2,sw [Kawahata et al., 2000; Crook et al., 2012].
Freshwater inputs from the Florida Everglades, which
behaves as a slow moving river with a limestone catchment, have high TA, but also very high DIC from remineralization of organic material that elevates pCO2,sw and
depresses arag [Millero et al., 2001]. Our data show that
freshening from runoff in the Florida Keys causes elevated
pCO2,sw and depressed arag.
[16] Shallow-water coral reef ﬂats and lagoons have
large diel ranges in carbonate chemistry that can exceed the

Table 5. Atmospheric pCO2 (ppm) Value Where Aragonite and High-Mg Calcite (15 and 18 mol %) is in Thermodynamic Equilibrium
( ¼ 1.0) and Undersaturated ( < 1.0) for Change in Salinity (DS) Due to Storm Water Runoff of 0, 2, and 4 and Warming of
þ0, þ2, and þ4 C
pCO2 When Mean arag ¼ 1.0
DS
0
2
4
DS
0
2
4
DS
0
2
4
DS
0
2
4
DS
0
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Figure 6. (a) Mean and (b) maximum pCO2 (matm) following tropical storm impacts at salinity reductions due to freshening from runoff of 0, 2, and 4 with þ0, þ2, and þ4 C of warming as a function
of atmospheric pCO2 (ppm).
magnitude of change from ocean acidiﬁcation expected
over the next century [Ohde and van Woesik, 1999; Santos
et al., 2011; Kline et al., 2012; Shaw et al., 2012]. The
small water volume of shallow environments causes a magniﬁcation of the benthic metabolic signal [e.g., Manzello,
2010]. The depths of the two reefs studied here are 3–8 m
(Little Conch Reef ¼ 5–8 m depth, Cheeca Rocks ¼ 3–7 m,
though isolated coral patches come within 1–2 m of the surface). Thus, we anticipate that the storm changes will be
greater, and that periods of undersaturation will occur
sooner, for shallower reef communities where large diel
ranges occur normally.
[17] The existing data illustrate impacts from relatively
benign tropical storms (max winds ¼ 12 and 20 m s1). It
seems likely that the impacts from hurricanes, tropical
cyclones, and typhoons (>33 m s1) [Simpson and Riehl,
1981] would cause greater changes to the seawater CO2
system. Storm impacts represent short term, stochastic, but
increasingly important events in the CaCO3 cycle of coral
reefs. We show that as ocean acidiﬁcation progresses,
short-term corrosive events from storm impacts increase in
both severity and duration. Although tropical cyclone cooling has been shown to be a viable mechanism to reduce
thermal stress to coral reefs [Manzello et al., 2007; Carrigan and Puotinen, 2011], these data suggest that despite
providing thermal respite to living corals, tropical cyclones
in combination with ocean acidiﬁcation can cause CaCO3
undersaturation, potentially undercutting the cooling beneﬁt over time by favoring direct chemical dissolution that
may reduce viable habitat.
[18] The estimates presented herein predicting abiotic
CaCO3 dissolution with storm impacts and ocean acidiﬁcation are conservative. In reality, CaCO3 dissolution occurs
at arag values far greater than undersaturation [e.g., Kline
et al., 2012]. Recent experimental work has shown that dissolution occurs at arag > 3.0 for reef sediments and highMg calcite crustose coralline algae (CCA) [Yamamoto
et al., 2012; Kline et al., 2012]. Dissolution rates are not
always a direct function of [Mg], however, as some CCA
have been recently shown to possess dolomite, which is

less soluble than aragonite [Nash et al., 2013]. Regardless,
dissolution is already occurring on coral reefs and will
increase with acidiﬁcation. The ocean acidiﬁcation levels
when reefs experience net dissolution is debatable, but estimates have been proposed that this will occur globally with
a doubling of atmospheric CO2 [Silverman et al., 2009], or
even as low as pCO2,sw values of 467 matm for certain reef
substrates [Yates and Halley, 2006].
3.3. Factors Causing Changes in Seawater CO2 Due to
Storms
[19] The response of the coral reef seawater CO2 system
to tropical storm passage is complex and dependent on a
number of factors, such as storm intensity, distance from
center of the storm, and rainfall associated with the storm.
Based on our data and the sole previous study [Gray et al.,
2012], we now know that coral reef arag values are greatly
depressed by tropical cyclones. The impairment and/or cessation of photosynthesis, inferred from the lack of PAR for
2 days during the storm, would by itself cause a decline in
pH and elevation in pCO2,sw due to alteration of the photosynthesis/respiration (P/R) ratio of the benthic community.
A decline in PAR associated with a tropical storm did
indeed cause a decrease in diel variability of pH, pCO2,sw,
and O2 on a Puerto Rican reef [Gray et al., 2012]. In addition to a reduction in photosynthesis, respiration may
increase as a result of the hydrodynamic disturbance, sedimentation, and depressed salinity associated with storm activity [Nystrom et al., 1997]. Windy conditions are
associated with sediment resuspension and substantial
alteration of sediment topology was observed by divers at
study sites following TS Isaac. Sediment pore-waters are
known to be more acidic and exhibit higher pCO2,sw relative to the overlying water column due to remineralization
of organic matter [Tribble, 1993], thus sediment resuspension mixes corrosive pore-waters into the water column.
During normal conditions, CaCO3 sediments exhibit net
dissolution (net TA ﬂux out of the sediments) [Rao et al.,
2012; Cyronak et al., 2013]. This dissolution is due to the
respiratory buildup of metabolic CO2 in the pore-waters,
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which is stimulated by advection of the overlying water
into the sediments and PAR [Cyronak et al., 2013]. The turbulent mixing of the water column and sediments during a
tropical storm would cause substantial disturbance and it is
not completely clear how the metabolism measured under
quiescent conditions would apply. Dissolution is directly
linked to both PAR and the buildup of respiratory CO2,
thus the strong mixing and likely oxygenation of the sediments, as well as the depressed PAR during storms would
be expected to impair this normal dissolution. This reduction of TA ﬂux from the sediments would act to further elevate pCO2 and lower arag. Elevated pCO2,sw did occur
coincident with prior windy and cloudy conditions on the
FRT [Manzello et al., 2012], showing that decreases in
PAR and/or sediment resuspension correlate with and may
cause declines in pH. Lastly, upwelling due to storms
brings deeper, CO2-enriched waters to the surface layers
[Nemoto et al., 2009; Bond et al., 2011].
[20] The data presented here show that there was a lingering community metabolic distress that occurred after TS
Isaac, as indicated by the second minimum in pH at both
reef sites a full week following the storm impact (Figure 4d).
The increase in variance of the pH and pCO2,sw data after TS
Isaac suggests that there was community metabolic disturbance. In fact, pH values continued along a downward trajectory after initially increasing immediately after the storm.
Similarly, Gray et al. [2012] observed a period of net respiration after a tropical storm, causing the aforementioned lowest recorded pH (7.89) and arag (3) of their 2 year
investigation. The diurnal cycle in pH is linked to
photosynthesis-induced maximum values during the day and
respiratory-induced minimum values at night [Kayanne
et al., 1995; Kleypas et al., 2011; Gray et al., 2012] (Figures
4b and 4d). Only when PAR values reached levels similar to
what occurred prior to TS Isaac did the pH trajectory start to
reverse. The responses at both sites were remarkably similar,
which suggests that mechanisms causing these changes were
occurring at a regional, rather than a local scale.
[21] Drupp et al. [2011] and Gray et al. [2012] observed
algal blooms in the water column following storms that
were associated with an increase in pH and decline in
pCO2,sw. The algal bloom and pCO2,sw decline in Puerto
Rico was short lived and followed thereafter by depressed
pH. This initial decrease in pCO2,sw and corresponding
increase in pH and arag was not observed in Florida, as pH
was chronically depressed after the storm (Figure 4). We
hypothesize that the stress on the benthic community was
greater in our study, such that any water column increase in
productivity was indiscernible relative to the benthic stress
signal. The responses in Hawaii corresponded to storm
events that were not tropical storms and TS Isaac more
severely impacted the FRT compared to the Puerto Rican
study. PAR was always measureable in Puerto Rico and
max hourly wind speeds peaked at 12 m s1 versus 19.9 m
s1 from TS Isaac [Gray et al., 2012].

4.

Conclusions

[22] Coral reefs are in decline globally and the situation
is particularly concerning in the Caribbean. For Caribbean
reefs, live coral cover has declined by about 80% since the
1970s, CaCO3 production is down to 50% below historical
averages, and more than a third of sites recently surveyed

(37%) were already net erosional [Gardner et al., 2003;
Perry et al., 2013]. Many Caribbean reefs are, or are close
to CaCO3 budget neutral, termed ‘‘accretionary stasis,’’
suggesting that the continued persistence of architecturally
complex reef framework structures is questionable [Perry
et al., 2013].
[23] In conclusion, the existence of coral reefs beyond
this century is in jeopardy. The concern has gone from the
drastic declines in living coral cover [Gardner et al., 2003],
to fear that the very framework of coral reefs will erode
away [Hoegh-Guldberg et al., 2007; Manzello et al., 2008;
Perry et al., 2013]. All concerns regarding ocean acidiﬁcation assumed that aragonite undersaturation would not
occur on coral reefs within the foreseeable future due to
their location within the highly supersaturated tropical
oceans [Kleypas et al., 1999]. We show, for the ﬁrst time,
that CaCO3 undersaturation will occur in a high-CO2 world
as a result of modest tropical cyclones. Approximately 81
hurricanes made landfall in south Florida over the period
1851–2005, which is a frequency of roughly one hurricane
impact every 2 years [Manzello et al., 2007]. The duration
of corrosive waters may be short (days to weeks), but the
importance of these events becomes more apparent when
the routine nature of tropical storms is considered over longer time scales (centuries to millennia). The expected
increase in the strength, frequency, and rainfall of the most
severe tropical cyclones in combination with ocean acidiﬁcation will have serious consequences for the persistence of
coral reef framework structures, which is far more alarming
than the loss of living coral.
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